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Spetrosopy of tetraquark states.
Elena Santopinto
∗
and Giuseppe Galatà
INFN and Università di Genova, via Dodeaneso 33, 16142 Genova, Italy
A omplete lassiation of qqq¯q¯ tetraquark states in terms of the spin-avor, olor and spatial
degrees of freedom has been onstruted. The permutation symmetry properties of both the spin-
avor and orbital parts of the qq and q¯q¯ subsystems are disussed. This omplete lassiation is
general and model independent and it is useful both for model builders and experimentalists. The
total wave funtions are also expliitly onstruted in the hypothesis of ideal mixing; this basis for
tetraquark states will enable the eigenvalue problem to be solved for a denite dynamial model.
An evaluation of the tetraquark spetrum is obtained from the Iahello mass formula for normal
mesons, here generalized to tetraquark systems. This mass formula is a generalization of the Gell-
Mann Okubo mass formula, whose oeients have been upgraded by a study of the latest PDG
data. The ground state tetraquark nonet is identied with f0(600), κ(800), f0(980), a0(980). The
diquark-antidiquark limit is also studied.
PACS numbers: 14.40.Cs,12.39.-x, 02.20.-a
I. INTRODUCTION
The KLOE, E791 and BES ollaborations have reently provided evidene of the low mass resonanes f0(600)
[1, 2, 3℄, formerly alled σ(450), and κ(800) [2, 3℄, triggering new interest in meson spetrosopy. Maiani et al. [4℄
have suggested that the lowest lying salar mesons, f0(980), a0(980), κ(800) and f0(600) ould be desribed not as qq¯
states, but as more omplex tetraquark states, in partiular as two lusters of two quarks and two antiquarks, i.e. a
diquark and antidiquark system. The quark-antiquark assignment to P-waves [5℄ has never really worked in the salar
ase [6, 7℄. Moreover, the f0(980) is more assoiated to strange than to up or down quarks as an be inferred from its
higher mass and its deays [4, 6, 7℄, while in a simple quark-antiquark sheme it is assoiated with non-strange quarks
[5℄; for this reason it is diult to explain both its mass and its deay properties [4, 6, 7℄ at the same time. One of
the arguments by Jae [6, 7℄ and Maiani [4℄ against the hypothesis of simple qq¯ states is the observation that the
experimental mass spetrum orresponding to this nonet is like a parabola with a maximum in the entre of the nonet
orresponding to the f0(980) and a0(980), while in the qq¯ ase the parabola would be reversed and so the maximum
would be at the edge of the nonet.
Other identiations have been proposed [8℄, in partiular quasi moleular-states (see Refs. [9, 10, 11℄ and referenes
therein, [5℄) and unorrelated qqq¯q¯ [12, 13℄. Previous works on heavy tetraquark mesons an be found in Refs.
[14, 15, 16, 17℄ and for light mesons in [18, 19, 20℄ and referenes therein. As early as the 1970s Jae studied
tetraquark systems in a bag model and disussed the resulting rih spetrum together with the problem of the missing
resonanes [6, 7, 12℄. For review artiles both on the experiments and on the theoretial models we refer the reader
to [8, 21, 22℄.
In this artile, we address the problem of onstruting a omplete lassiation sheme of the two quark-two
antiquark states in terms of SUsf(6). We identify the representations that ontain exotis, i.e. states that annot be
onstruted by qq¯ only. The tetraquark O(3) ⊗ SUsf (6) ⊗ SUc(3) wave funtions are expliitly onstruted for the
rst time. They should be olor singlets and, sine they are omposed of two quarks and two antiquarks, i. e. two
ouples of idential fermions, they should be antisymmetri for the exhange of the two quarks and the two antiquarks.
The permutation symmetry properties of both the spin-avor and the orbital parts of the qq and q¯q¯ subsystems are
disussed. The total wave funtions are also expliitly onstruted in the ideal mixing hypothesis, and an be useful in
order to onstrut tetraquark models. Finally, an evaluation of the tetraquark spetrum for the lowest salar mesons
is obtained from a generalization of the Iahello mass formula for normal mesons [23℄.
The lassiation of the states is general and is valid whihever dynamial model for tetraquarks is hosen. As an
appliation, in setion V we develop a simple diquark-antidiquark model with no spatial exitations inside diquarks.
The states are a subset of the general ase.
∗
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2II. THE CLASSIFICATION OF TETRAQUARK STATES
As for all multiquark systems, the tetraquark wave funtion ontains ontributions onneted to the spatial degrees
of freedom and the internal degrees of freedom of olor, avor and spin. In order to lassify the orresponding states,
we shall make use as muh as possible of symmetry priniples without, for the moment, introduing any expliit
dynamial model. In the onstrution of the lassiation sheme we are guided by two onditions: the tetraquark
wave funtions should be a olor singlet, as all physial states, and sine tetraquarks are omposed of two ouples of
idential fermions, their states must be antisymmetri for the exhange of the two quarks and the two antiquarks.
In the following, we adopt the usual notation [R] for the representations, where R is the dimension of the represen-
tation.
A. The SU(3)f -avor lassiation of qqq¯q¯ states
The allowed SU(3)f representations for the qqq¯q¯ mesons are obtained by means of the produt
[3]⊗ [3¯]⊗ [3]⊗ [3¯] = [1]⊕ [8]⊕ [8]⊕ [10]⊕ [8]⊕ [8]⊕ [1]⊕ [10]⊕ [27] (1)
The allowed isospin values are I = 0, 12 , 1,
3
2 , 2 , while the hyperharge values are Y = 0,±1,±2. We an notie that
the values I = 32 , 2 and Y = ±2 are exoti, whih means that they are forbidden for the qq¯ mesons.
In Appendix A the avor states in the qqq¯q¯ onguration are expliitly written.
B. The SU(3)c-olor lassiation of qqq¯q¯ states
Color representations for qqq¯q¯ mesons are those written in (1) for the avor ase. However, the only olor represen-
tation allowed for mesons (or in general for any isolated partile) is the singlet, so there are two olour representations
for qqq¯q¯ mesons, while there is only one singlet for normal mesons. This fat implies that olor for tetraquarks is not
a trivial quantum number as it was for onventional mesons.
C. The SU(2)s-spin lassiation of qqq¯q¯ states
The qqq¯q¯ spin states are given by the produt
[2]⊗ [2]⊗ [2]⊗ [2] = [1]⊕ [3]⊕ [1]⊕ [3]⊕ [3]⊕ [5] (2)
We an see that tetraquarks an have an exoti spin S = 2, value forbidden for qq¯ mesons.
In Appendix B the spin states in the qqq¯q¯ onguration are expliitly written.
D. The SU(6)sf -spin-avor lassiation of qqq¯q¯ states
The spin-avor SU(6)sf qqq¯q¯ representations are obtained by means of the produt
[6]⊗ [6¯]⊗ [6]⊗ [6¯] = [1]⊕ [35]⊕ [35]⊕ [405]⊕ [35]⊕ [280]⊕ [35]⊕ [1]⊕ [280]⊕ [189] (3)
A omplete lassiation of the tetraquark states involves the analysis of the avor and spin ontent of eah spin-
avor representation , i.e. the deomposition of the representation of SU(6)sf into those of SU(3)f⊗SU(2)s in the
notation [avor repr., spin repr.],
[189] = [8, 5]⊕ [10, 3]⊕ [27, 1]⊕ [10, 3]⊕ 2[8, 3]⊕ [8, 1]⊕ [1, 1]⊕ [1, 5] (4)
[280] = [10, 5]⊕ [8, 5]⊕ [27, 3]⊕ [10, 3]⊕ 2[8, 3]⊕ [10, 1]⊕ [10, 1]⊕ [8, 1]⊕ [1, 3] (5)
[280] = [10, 5]⊕ [8, 5]⊕ [27, 3]⊕ [10, 3]⊕ 2[8, 3]⊕ [10, 1]⊕ [10, 1]⊕ [8, 1]⊕ [1, 3] (6)
[405] = [1, 1]⊕ [1, 5]⊕ [8, 5]⊕ 2[8, 3]⊕ [27, 1]⊕ [8, 1]⊕ [27, 3]⊕ [10, 3]⊕ [10, 3]⊕ [27, 5] (7)
[1] = [1, 1] (8)
[35] = [1, 3]⊕ [8, 1]⊕ [8, 3] (9)
3Figure 1: qqq¯q¯ mesons' total angular momentum sheme
E. Angular momentum, parity and harge onjugation quantum numbers
The total angular momentum, parity and harge onjugation quantum numbers for the qq¯ mesons are well known.
Thus, here we reall only that the following JPC ombinations are forbidden for normal mesons:
0−−, (even)+−, (odd)−+. (10)
Tetraquarks are made up of four objets, so we have to dene three relative oordinates (see gure 1) [24℄
~r13 = ~r3 − ~r1 (11a)
~r24 = ~r4 − ~r2 (11b)
~r12−34 = ~rCM24 − ~rCM13 = m2~r2+m4~r4m2+m4 −
m1~r1+m3~r3
m1+m3
. (11)
This is only a possible hoie of oordinates. Other types of oordinates, useful to desribe the strong deays, an be
dened [18℄.
In the tetraquark ase, we have four dierent spins and three orbital angular momenta. The total angular momentum
J an be obtained by ombining spins and orbital momenta, as shown in gure 1.
The parity for a tetraquark system is the produt of the intrinsi parities of the quarks and the antiquarks times
the fators oming from the spherial harmonis [24℄.
P = PqPqPq¯Pq¯(−1)L13(−1)L24(−1)L12−34 = (−1)L13+L24+L12−34 (12)
Using our oordinates, tetraquark harge onjugation eigenvalues an be alulated by following the same steps as
in the qq¯ ase. Indeed, we an onsider a tetraquark as a QQ¯ meson, where Q represents the ouple of quarks and Q¯
the ouple of antiquarks (see gure 1), with total spinS and relative angular momentum L12−34. The C eigenvetors
are those states for whih Q and Q¯ have opposite harges. So applying the harge onjugation operator to these
mesons is the same as exhanging the ouple of quarks with the ouple of antiquarks. The fators arising from this
exhange are the C operator eigenvalues [24℄:
C = (−1)L12−34+S (13)
Tetraquark mesons do not have forbidden JPC ombinations beause they have more degrees of freedom (in par-
tiular they have three dierent orbital angular momenta) than the normal mesons.
F. Tetraquark states and the Pauli priniple
Tetraquarks are omposed of two ouples of idential fermions, so their states must be antisymmetri for the
exhange of the two quarks and the two antiquarks. In this respet it is neessary to study the permutation symmetry
4(i.e. the irreduible representations of S2) of the olor, avor, spin and spatial parts of the wave funtions of eah
subsystem, two quarks and two antiquarks.
Only the singlet olor states are physial states, so there are only two olor singlets and we write them by underlining
their permutation S2 symmetry, whih an be only antisymmetri (A) or symmetri (S):
(qq) in [3¯]C (A) and (q¯q¯) in [3]C (A), (14a)
(qq) in [6]C (S) and (q¯q¯) in [6¯]C (S). (14b)
Next, we study the permutation symmetry of the spatial part of the two quarks (two antiquarks) states. The
permutation symmetry of the spatial part of the ouple of quarks and antiquarks is
(qq) with L13 even (S), (q¯q¯) with L24 even (S) (15a)
(qq) with L13 odd (A), (q¯q¯) with L24 odd (A) (15b)
(qq) with L13 even (S), (q¯q¯) with L24 odd (A) (15)
(qq) with L13 odd (A), (q¯q¯) with L24 even (S) (15d)
The permutation symmetry of the spatial part derives from the parity of the ouple of quarks and antiquarks, whih
are respetively Pqq = PqPq(−1)L13 = (−1)L13 and Pq¯q¯ = Pq¯Pq¯(−1)L24 = (−1)L24 .
The permutation symmetry of the SU(6)sf representations for a ouple of quarks is written below.
[15]sf (A), whih means symmetri spin (Sdq = 1) and antisymmetri avor ([3¯]f )
or antisymmetri spin (Sdq = 0) and symmetri avor ([6]f ) (16a)
[21]sf (S), whih means symmetri spin (Sdq = 1) and symmetri avor ([6]f )
or antisymmetri spin (Sdq = 0) and antisymmetri avor ([3¯]f ) (16b)
The spin-avor representations for the ouple of antiquarks are the onjugate representations [15]sf (A) and [21]sf
(S).
The spatial, avor, olor and spin parts with given permutation symmetry (S2) must now be arranged together to
obtain ompletely antisymmetri states under the exhange of the two quarks and the two antiquarks. The resulting
states are listed in Table I. In this Table we write the olor, avor and spin of the ouples of quarks and antiquarks
and the orresponding total spin and avor of the tetraquark states. The total olor has been omitted sine it is
always a singlet.
We want, then, to determine the JPC (where C is obviously intended only for its eigenstates) possible quantum
numbers for a tetraquark with a given avor and spin. The total angular momentum J depends on the values of the
three orbital angular momenta L13, L24 and L12−34. For obvious reasons, we have hosen to study only the lower
value ases, in partiular only up to the ase that at most one of the three angular momenta is one. In Table II we
ombine the orbital angular momenta with the spins to obtain the total angular momentum. In Tables III, IV, V and
VI we write the possible JPC ombinations for every tetraquark with a given avor and spin.
G. G parity
Charged partiles are not eigenstates of C sine C takes a positive partile into a negative partile and vie versa. G
parity is a generalization of the onept of C parity suh that members of an isospin multiplet an eah be assigned a
good quantum number that would reprodue C for the neutral partile. The G operator is dened as the ombination
of C and a π rotation around the y axis in the isospin spae,
G = CRy(π) = CeiπI2 . (17)
The G eigenstates are tetraquark states with avor harges equal to zero, i.e. strangeness equal to zero in the light
mesons ase, and their eigenvalues are:
G = (−1)L12−34+S+I . (18)
The states belonging to [8]⊕ [10] and [8]⊕ [10] avor multiplets are the only exeptions to the validity of Equation
(18). Atually a linear ombination [25℄ of these states diagonalizes the G parity.
|ψ+G > =
1√
2
(|[8]⊕ [10] > +|[8]⊕ [10] >) (19a)
|ψ−G > =
1√
2
(|[8]⊕ [10] > −|[8]⊕ [10] >) (19b)
5Table I: Allowed olor, avor and spin tetraquark states.
olor (qq)⊗ (q¯q¯) L13 L24 Sdq Sdq¯ avor (qq)⊗ (q¯q¯) Stot total avor
[3¯]c ⊗ [3]c even even 1 1 [6]f ⊗ [6¯]f 0,1,2 [1]⊕ [8]⊕ [27]
[3¯]c ⊗ [3]c even even 1 0 [6]f ⊗ [3]f 1 [8]⊕ [10]
[3¯]c ⊗ [3]c even even 0 1 [3¯]f ⊗ [6¯]f 1 [8]⊕ [10]
[3¯]c ⊗ [3]c even even 0 0 [3¯]f ⊗ [3]f 0 [1]⊕ [8]
[6]c ⊗ [6¯]c even even 1 1 [3¯]f ⊗ [3]f 0,1,2 [1]⊕ [8]
[6]c ⊗ [6¯]c even even 1 0 [3¯]f ⊗ [6¯]f 1 [8]⊕ [10]
[6]c ⊗ [6¯]c even even 0 1 [6]f ⊗ [3]f 1 [8]⊕ [10]
[6]c ⊗ [6¯]c even even 0 0 [6]f ⊗ [6¯]f 0 [1]⊕ [8]⊕ [27]
[3¯]c ⊗ [3]c odd odd 1 1 [3¯]f ⊗ [3]f 0,1,2 [1]⊕ [8]
[3¯]c ⊗ [3]c odd odd 1 0 [3¯]f ⊗ [6¯]f 1 [8]⊕ [10]
[3¯]c ⊗ [3]c odd odd 0 1 [6]f ⊗ [3]f 1 [8]⊕ [10]
[3¯]c ⊗ [3]c odd odd 0 0 [6]f ⊗ [6¯]f 0 [1]⊕ [8]⊕ [27]
[6]c ⊗ [6¯]c odd odd 1 1 [6]f ⊗ [6¯]f 0,1,2 [1]⊕ [8]⊕ [27]
[6]c ⊗ [6¯]c odd odd 1 0 [6]f ⊗ [3]f 1 [8]⊕ [10]
[6]c ⊗ [6¯]c odd odd 0 1 [3¯]f ⊗ [6¯]f 1 [8]⊕ [10]
[6]c ⊗ [6¯]c odd odd 0 0 [3¯]f ⊗ [3]f 0 [1]⊕ [8]
[3¯]c ⊗ [3]c even odd 1 1 [6]f ⊗ [3]f 0,1,2 [8]⊕ [10]
[3¯]c ⊗ [3]c even odd 1 0 [6]f ⊗ [6¯]f 1 [1]⊕ [8]⊕ [27]
[3¯]c ⊗ [3]c even odd 0 1 [3¯]f ⊗ [6¯]f 1 [8]⊕ [10]
[3¯]c ⊗ [3]c even odd 0 0 [3¯]f ⊗ [3]f 0 [1]⊕ [8]
[6]c ⊗ [6¯]c even odd 1 1 [3¯]f ⊗ [6¯]f 0,1,2 [8]⊕ [10]
[6]c ⊗ [6¯]c even odd 1 0 [3¯]f ⊗ [3]f 1 [1]⊕ [8]
[6]c ⊗ [6¯]c even odd 0 1 [6]f ⊗ [6¯]f 1 [1]⊕ [8]⊕ [27]
[6]c ⊗ [6¯]c even odd 0 0 [6]f ⊗ [3]f 0 [8]⊕ [10]
[3¯]c ⊗ [3]c odd even 1 1 [3¯]f ⊗ [6¯]f 0,1,2 [8]⊕ [10]
[3¯]c ⊗ [3]c odd even 1 0 [3¯]f ⊗ [3]f 1 [1]⊕ [8]
[3¯]c ⊗ [3]c odd even 0 1 [6]f ⊗ [6¯]f 1 [1]⊕ [8]⊕ [27]
[3¯]c ⊗ [3]c odd even 0 0 [6]f ⊗ [3]f 0 [8]⊕ [10]
[6]c ⊗ [6¯]c odd even 1 1 [6]f ⊗ [3]f 0,1,2 [8]⊕ [10]
[6]c ⊗ [6¯]c odd even 1 0 [6]f ⊗ [6¯]f 1 [1]⊕ [8]⊕ [27]
[6]c ⊗ [6¯]c odd even 0 1 [3¯]f ⊗ [6¯]f 1 [8]⊕ [10]
[6]c ⊗ [6¯]c odd even 0 0 [3¯]f ⊗ [3]f 0 [1]⊕ [8]
where |ψ+G > and |ψ−G > are the G parity eigenvetors with eigenvalues G = (−1)L12−34+S+I+1 and G =
(−1)L12−34+S+I respetively.
III. THE IACHELLO, MUKHOPADHYAY AND ZHANG MASS FORMULA FOR qq¯ MESONS.
In 1991 Iahello, Mukhopadhyay and Zhang developed a mass formula [23, 26℄ for qq¯ mesons, whih is a general-
ization of the Gürsey and Radiati mass formula [27, 28℄,
M2 = (NnMn +NsMs)
2 + a · ν + b · L+ c · S + d · J + h· < M ′2 >ij,i′j′ +i· < M ′′2 >ij,i′j′ , (20)
where Nn is the non-strange quark and antiquark number,Mn = Mu = Md is the non-strange onstituent quark mass,
Ns is the strange quark and antiquark number,Ms is the strange onstituent quark mass, ν is the vibrational quantum
number, L is the orbital angular momentum, S the total spin and J the total angular momentum. < M ′2 >ij,i′j′
and < M ′2 >ij,i′j′ are two phenomenologial terms whih at only on the lowest pseudosalar mesons. Speially,
the rst ats on the otet; it enodes the unusually low masses of the bosons of the otet, sine they are the eight
6Table II: Tetraquark total angular momenta
L13 L24 L12−34 Sdq Sdq¯ jdq jdq¯ J
0 0 0 0 0 0 0 0
0 0 0 0 1 0 1 1
0 0 0 1 0 1 0 1
0 0 0 1 1 1 1 0,1,2
0 1 0 0 0 0 1 1
0 1 0 0 1 0 0,1,2 0,1,2
0 1 0 1 0 1 1 0,1,2
0 1 0 1 1 1 0,1,2 0,1,2,3
1 0 0 0 0 1 0 1
1 0 0 0 1 1 1 0,1,2
1 0 0 1 0 0,1,2 0 0,1,2
1 0 0 1 1 0,1,2 1 0,1,2,3
0 0 1 0 0 0 0 1
0 0 1 0 1 0 1 0,1,2
0 0 1 1 0 1 0 0,1,2
0 0 1 1 1 1 1 0,1,2,3
Table III: olor, avor, spin (Stot) and J
PC
for tetraquarks with L13 = L24 = L12−34 = 0
olor avor Sdq Sdq¯ jdq jdq¯ Stot S J
PC
[3¯]⊗ [3] [1]⊕ [8] 0 0 0 0 0 0 0++
[3¯]⊗ [3] [8]⊕ [10] 0 1 0 1 1 1 1+
[3¯]⊗ [3] [8]⊕ [10] 1 0 1 0 1 1 1+
[3¯]⊗ [3] [1]⊕ [8]⊕ [27] 1 1 1 1 0 0 0++
1 1 1+−
2 2 2++
[6] ⊗ [6¯] [1]⊕ [8]⊕ [27] 0 0 0 0 0 0 0++
[6] ⊗ [6¯] [8]⊕ [10] 0 1 0 1 1 1 1+
[6] ⊗ [6¯] [8]⊕ [10] 1 0 1 0 1 1 1+
[6] ⊗ [6¯] [1]⊕ [8] 1 1 1 1 0 0 0++
1 1 1+−
2 2 2++
Goldstone bosons orresponding to the spontaneously broken hiral symmetry group SU(3)A under whih the quark
elds transform; the seond term ats on the η and η′ and relates to the non-negligible qq¯ annihilation eets [29℄
that arise when the lowest mesons are avor diagonal.
They onsider avor states in the ideal mixing hypothesis, i.e. states with dened number of strange quarks and
antiquarks, exept for the lowest pseudosalar nonet. The ideal mixing is essentially a onsequene of the OZI rule,
introdued by Okubo [30℄, Zweig [31℄ and Iizuka [32℄. This hypothesis remains to be proved, but it is used by all the
authors working on qq¯ mesons and also on tetraquarks (see for example Jae [6, 7, 20℄ and Maiani et al. [4℄).
Using the updated values for the light qq¯ mesons reported by the last PDG [22℄ (see Tables VII, VIII and IX, see
7Table IV: olor, avor, spin (Stot) and J
PC
for tetraquarks with L13 = L12−34 = 0 and L24 = 1
olor avor Sdq Sdq¯ jdq jdq¯ Stot S J
PC
[3¯]⊗ [3] [1]⊕ [8] 0 0 0 1 0 1 1−
[3¯]⊗ [3] [8] ⊕ [10] 0 1 0 0 1 0 0−
1 1 1 1−
2 1 2 2−
[3¯]⊗ [3] [1]⊕ [8]⊕ [27] 1 0 1 1 1 0 0−+
1 1−−
2 2−+
[3¯]⊗ [3] [8] ⊕ [10] 1 1 1 0 0,1,2 1 1−
1 0,1,2 0,1,2 0−, 1−, 2−
2 0,1,2 1,2,3 1−, 2−, 3−
[6]⊗ [6¯] [8] ⊕ [10] 0 0 0 1 0 1 1−
[6]⊗ [6¯] [1]⊕ [8]⊕ [27] 0 1 0 0 1 0 0−+
1 1 1 1−
2 1 2 2−
[6]⊗ [6¯] [1]⊕ [8] 1 0 1 1 1 0 0−+
1 1−−
2 2−+
[6]⊗ [6¯] [8] ⊕ [10] 1 1 1 0 0,1,2 1 1−
1 0,1,2 0,1,2 0−, 1−, 2−
2 0,1,2 1,2,3 1−, 2−, 3−
Table V: olor, avor, spin (Stot) and J
PC
for tetraquarks with L24 = L12−34 = 0 and L13 = 1
olor avor Sdq Sdq¯ jdq jdq¯ Stot S J
PC
[3¯]⊗ [3] [8] ⊕ [10] 0 0 1 0 0 1 1−
[3¯]⊗ [3] [1]⊕ [8]⊕ [27] 0 1 1 1 1 0 0−+
1 1−−
2 2−+
[3¯]⊗ [3] [1]⊕ [8] 1 0 0 0 1 0 0−+
1 0 1 1 1−
2 0 1 2 2−
[3¯]⊗ [3] [8] ⊕ [10] 1 1 0 1 0,1,2 1 1−
1 1 0,1,2 0,1,2 0−, 1−, 2−
2 1 0,1,2 1,2,3 1−, 2−, 3−
[6]⊗ [6¯] [1]⊕ [8] 0 0 1 0 0 1 1−
[6]⊗ [6¯] [8] ⊕ [10] 0 1 1 1 1 0 0−
1 1−
2 2−
[6]⊗ [6¯] [1]⊕ [8]⊕ [27] 1 0 0 0 1 0 0−+
1 0 1 1 1−
2 0 1 2 2−
[6]⊗ [6¯] [8] ⊕ [10] 1 1 0 1 0,1,2 1 1−
1 1 0,1,2 0,1,2 0−, 1−, 2−
2 1 0,1,2 1,2,3 1−, 2−, 3−
8Table VI: olor, avor, spin (Stot) and J
PC
for tetraquarks with L24 = L13 = 0 and L12−34 = 1
olor avor Sdq Sdq¯ jdq jdq¯ Stot S J
PC
[3¯]⊗ [3] [1]⊕ [8] 0 0 0 0 0 0 1−−
[3¯]⊗ [3] [8]⊕ [10] 0 1 0 1 1 1 0−
1−
2−
[3¯]⊗ [3] [8]⊕ [10] 1 0 1 0 1 1 0−
1−
2−
[3¯]⊗ [3] [1] ⊕ [8]⊕ [27] 1 1 1 1 0 0 1−−
1 1 0−+, 1−+, 2−+
2 2 1−−, 2−+, 3−−
[6]⊗ [6¯] [1] ⊕ [8]⊕ [27] 0 0 0 0 0 0 1−−
[6]⊗ [6¯] [8]⊕ [10] 0 1 0 1 1 1 0−
1−
2−
[6]⊗ [6¯] [8]⊕ [10] 1 0 1 0 1 1 0−
1−
2−
[6]⊗ [6¯] [1]⊕ [8] 1 1 1 1 0 0 1−−
1 1 0−+, 1−+, 2−+
2 2 1−−, 2−+, 3−−
also Fig. 2) the results of the t of the parameters, Mn, Ms, a, b, c, d, h, i, are
Mn = (0.3331± 0.0003) GeV (21a)
Ms = (0.4761± 0.0003) GeV (21b)
a = (1.389± 0.007) GeV 2 (21)
b = (1.0309± 0.0020) GeV 2 (21d)
c = (0.079± 0.007) GeV 2 (21e)
d = (0.0873± 0.0026) GeV 2 (21f)
h = (0.4261± 0.0008) GeV 2 (21g)
i = (0.1257± 0.0010) GeV 2. (21h)
The data reported in the latest PDG are onsiderably dierent from those reported 15 years ago in PDG(1990)
[33℄. Moreover, some mesons that were not inluded in the original t beause they were poorly known at that time,
now orrespond to well measured resonanes and have been inluded.
Table VII: Experimental masses of the pi family mesons and predited theoretial values. Part (a) of the
Table reports the mesons (and their squared masses) inluded in the t and the squared masses predited
through Equation 20. In part (b) there are some states, not inluded in the t, for whih we have predited
the masses. These states are written using the notation ν2S+1LJ , where ν is a vibrational quantum number,
L is the relative orbital quantum number and S the total spin. Candidate mesons seen experimentally have
been assigned to the predited states.
Meson M2(exp.) (GeV 2) M2(teo.) (GeV 2) ν L S JPC
(a)
pi(140) 0.01822521±0.00000002 0.018 0 0 0 0−+
ρ(770) 0.6019±0.0006 0.610 0 0 1 1−−
a0(1450) 2.17±0.08 1.554 0 1 1 0
++
a1(1260) 1.51±0.12 1.641 0 1 1 1
++
b1(1235) 1.517±0.010 1.562 0 1 0 1
+−
(ontinued)
9Table VII: (ontinued)
Meson M2(exp.) (GeV 2) M2(teo.) (GeV 2) ν L S JPC
a2(1320) 1.737±0.002 1.728 0 1 1 2
++
ρ(1700) 2.96±0.12 2.672 0 2 1 1−−
pi2(1670) 2.797±0.018 2.680 0 2 0 2
−+
ρ3(1690) 2.852±0.012 2.847 0 2 1 3
−−
pi(1300) 1.7±0.3 1.833 1 0 0 0−+
ρ(1450) 2.15±0.11 1.999 1 0 1 1−−
(b)
03D2 2.759 0 2 1 2
−−
03F2 3.790 0 3 1 2
++
03F3 3.877 0 3 1 3
++
01F3 3.798 0 3 0 2
+−
03F4 (a4(2040)) 4.04± 0.05 3.965 0 3 1 4
++
13P0 2.943 1 1 1 0
++
13P1 (a1(1640)) 2.71±0.07 3.030 1 1 1 1
++
11P1 2.951 1 1 0 1
+−
13P2 (a2(1700)) 3.00±0.06 3.117 1 1 1 2
++
13D1 (ρ(2150)) 4.62±0.07 4.061 1 2 1 1
−−
13D2 4.148 1 2 1 2
−−
11D2 (pi2(2100)) 4.41±0.12 4.069 1 2 0 2
−+
13D3 (ρ3(1990)) 3.93±0.06 4.236 1 2 1 3
−−
13F2 5.179 1 3 1 2
++
23S1 (ρ(1900)) ∼3.61 3.387 2 0 1 1
−−
(end of table)
Table VIII: Experimental masses of the η family mesons and predited values. In the last olumn we report
the mixing type: we adopt the ideal mixing hypothesis for all mesons, with the exeption of the pseudosalar
mesons for whih the mixing angle is indiated expliitly.
Meson M2(exp.) (GeV 2) M2(teo.) (GeV 2) ν L S JPC mixing
type
(a)
η(550) 0.29954±0.00007 0.330 0 0 0 0−+ θfit=-17
◦
η′(958) 0.9173±0.0002 0.809 0 0 0 0−+ θfit=-17
◦
ω(782) 0.61242±0.00010 0.610 0 0 1 1−− nn¯
φ(1020) 1.03929±0.00004 1.073 0 0 1 1−− ss¯
f0(1710) 2.94±0.03 2.017 0 1 1 0
++ ss¯
f1(1285) 1.643±0.002 1.641 0 1 1 1
++ nn¯
f1(1420) 2.033±0.004 2.104 0 1 1 1
++ ss¯
h1(1170) 1.37±0.05 1.562 0 1 0 1
+− nn¯
h1(1380) 1.92±0.07 2.025 0 1 0 1
+− ss¯
f2(1270) 1.626±0.004 1.728 0 1 1 2
++ nn¯
f'2(1525) 2.334±0.023 2.191 0 1 1 2
++ ss¯
ω2(1650) 2.79±0.17 2.672 0 2 1 1
−− nn¯
η2(1645) 2.611±0.026 2.680 0 2 0 2
−+ nn¯
η2(1870) 3.39±0.05 3.143 0 2 0 2
−+ ss¯
ω3(1670) 2.779±0.022 2.847 0 2 1 3
−− nn¯
φ3(1850) 3.44±0.05 3.310 0 2 1 3
−− ss¯
η(1295) 1.672±0.013 1.833 1 0 0 0−+ nn¯
η′(1475) 2.179±0.017 2.296 1 0 0 0−+ ss¯
ω(1420) 2.01±0.09 1.999 1 0 1 1−− nn¯
φ(1680) 2.82±0.11 2.462 1 0 1 1−− ss¯
(b)
03P0 (f0(1370)) 1.44-2.25 1.554 0 1 1 0
++ nn¯
03D1 3.135 0 2 1 1
−− ss¯
03D2 2.759 0 2 1 2
−− nn¯
03D2 3.222 0 2 1 2
−− ss¯
03F2 (f2(1910)) 3.667±0.027 3.790 0 3 1 2
++ nn¯
03F2 (f2(2150)) 4.65±0.10 4.253 0 3 1 2
++ ss¯
(ontinued)
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Table VIII: (ontinued)
Meson M2(exp.) (GeV 2) M2(teo.) (GeV 2) ν L S JPC mixing
type
03F3 3.877 0 3 1 3
++ nn¯
03F3 4.340 0 3 1 3
++ ss¯
01F3 3.798 0 3 0 2
+− nn¯
01F3 4.261 0 3 0 2
+− ss¯
03F4 (f4(2050)) 4.14±0.04 3.965 0 3 1 4
++ nn¯
03F4 4.428 0 3 1 4
++ ss¯
13S1 1.999 1 0 1 1
−− nn¯
13P0 2.943 1 1 1 0
++ nn¯
13P0 3.406 1 1 1 0
++ ss¯
13P1 3.030 1 1 1 1
++ nn¯
13P1 3.493 1 1 1 1
++ ss¯
11P1 2.951 1 1 0 1
+− nn¯
11P1 3.414 1 1 0 1
+− ss¯
13P2 (f2(1640)) 2.683±0.020 3.117 1 1 1 2
++ nn¯
13P2 (f2(1950)) 3.78±0.05 3.580 1 1 1 2
++ ss¯
13D1 4.061 1 2 1 1
−− nn¯
13D1 4.524 1 2 1 1
−− ss¯
13D2 4.148 1 2 1 2
−− nn¯
13D2 4.611 1 2 1 2
−− ss¯
11D2 4.069 1 2 0 2
−+ nn¯
11D2 4.532 1 2 0 2
−+ ss¯
13D3 4.236 1 2 1 3
−− nn¯
13D3 4.698 1 2 1 3
−− ss¯
13F2 (f2(2300)) 5.28±0.13 5.179 1 3 1 2
++ nn¯
13F2 (f2(2340)) 5.47±0.28 5.642 1 3 1 2
++ ss¯
21S0 (η(1760)) 3.10±0.04 3.222 2 0 0 0
−+ nn¯
23P0 (f0(2020)) 3.97±0.06 4.332 2 1 1 0
++ nn¯
23P0 (f0(2200)) 4.83±0.07 4.795 2 1 1 0
++ ss¯
(end of table)
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Table IX: Experimental masses of the K family mesons ompared with the theoretial values.
Meson M2(exp.) (GeV 2) M2(teo.) (GeV 2) ν L S JP
(a)
k(500) 0.24768±0.00001 0.229 0 0 0 0−
K
∗
(892) 0.8032±0.0004 0.821 0 0 1 1−
K
∗
0(1430) 1.99±0.02 1.765 0 1 1 0
+
K
∗
2(1430) 2.052±0.005 1.939 0 1 1 2
+
K
∗
(1680) 2.95±0.16 2.883 0 2 1 1−
K2(1820) 3.30±0.09 2.970 0 2 1 2
−
K2(1770) 3.14±0.05 2.891 0 2 0 2
−
K
∗
3(1780) 3.15±0.04 3.058 0 2 1 3
−
K
∗
(1410) 2.00±0.06 2.210 1 0 1 1−
(b)
03P1 1.852 0 1 1 1
+
01P1 1.773 0 1 1 1
+
03F2 4.001 0 3 1 2
+
03F3 4.088 0 3 1 3
+
01F3 4.009 0 3 0 2
+
03F4 (K
∗
4(2045)) 4.18±0.04 4.176 0 3 1 4
+
11S0 (K(1460)) ∼2.13 2.044 1 0 0 0
−
13P0 3.154 1 1 1 0
+
13P1 3.241 1 1 1 1
+
11P1 (K1(1650)) 2.72±0.17 3.162 1 1 0 1
+
13P2 (K
∗
2(1980)) 3.89±0.03 3.328 1 1 1 2
+
13D1 4.272 1 2 1 1
−
13D2 4.359 1 2 1 2
−
11D2 4.280 1 2 0 2
−
13D3 4.447 1 2 1 3
−
13F2 5.390 1 3 1 2
+
13F3 (K3(2320)) 5.40±0.11 5.477 1 3 1 3
+
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Figure 2: The predited mesoni masses (solid bars) onfronted with the experimental data from the PDG [22℄, reported with
their errors (gray boxes).
Table X: Quantum numbers of the andidate tetraquark nonet
Meson Mass (GeV ) Ns I
G(JPC) Soure
a0(980) 0.9847 ± 0.0012 2 1
−(0++) PDG [22℄
f0(980) 0.980 ± 0.010 2 0
+(0++) PDG [22℄
f0(600) 0.478 ± 0.024 0 0
+(0++) KLOE [1℄
κ(800) 0.797 ± 0.019 1 1
2
(0+) E791 [38℄
As expeted, the mesons predited by the Iahello mass formula reprodue the linear Regge trajetories, represen-
tations of SO(4), the linearity of whih is satised to a high auray for light mesons. It is well known that the
Regge behaviour [34℄ an be explained by means of string-like models [35, 36℄.
IV. THE qqq¯q¯ SPECTRUM.
A andidate tetraquark nonet was proposed in the 1970s by Jae [6, 7℄. This nonet, with quantum numbers
JPC = 0++, inludes the mesons a0(980), f0(980), f0(600) (also alled σ meson) and κ(800). We hypothesize, as
did Jae [6, 7, 20℄, Amsler and Tornqvist [21℄, Maiani [4℄ and others, that this nonet is the fundamental tetraquark
nonet, with total orbital angular momentum and total spin equal to zero. The andidate tetraquark nonet quantum
numbers are presented in Table X, where Ns means the number of strange quarks and antiquarks.
The Iahello, Mukhopadhyay and Zhang mass formula was originally developed for qq¯ mesons. In order to desribe
unorrelated tetraquark systems by means of an algebrai model one should introdue a new spetrum generating
algebra for the spatial part, in this ase U(10), sine we have nine spatial degrees of freedom. We will not address this
diult problem in this artile, but we hoose to write the part of the mass formula regarding the internal degrees
of freedom in the same way. In qq¯ mesons the splitting inside a given avor multiplet to whih is also assoiated a
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Figure 3: Shemati graph of the fundamental tetraquark nonet. The theoretial masses (in MeV ), predited aording to
Equation (22), are reported below eah resonane.
given spin, an be well desribed by means of the part of the Iahello, Mukhopadhyay and Zhang mass formula that
depends only on the numbers of strange and non-strange quarks and antiquarks. It is not neessary, for the purpose
of determining the mass splitting of the andidate tetraquark nonet, to alulate the spatial part of the mass formula;
we an simply use
M2 = α+ (NnMn +NsMs)
2, (22)
where α is a onstant that enodes all the spatial and spin dependene of the mass formula, and Mn and Ms are the
masses of the onstituent quarks (as obtained from an upgrade of the t of the Iahello, Mukhopadhyay and Zhang
mass formula to the new PDG data [22℄ on qq¯ mesons). We determine α by applying Equation (22) to a well-known
andidate tetraquark, a0(980), and in this way we set the energy sale. The value found is
α = −1.650 GeV 2 (23)
With this value of α we predit the masses of the other mesons belonging to the same tetraquark nonet
M(κ(800)) = 0.726 GeV (24)
M(f0(600)) = 0.354 GeV (25)
M(f0(980)) = 0.984 GeV (26)
The value of f0(980) agrees very well with the experimental mass reported by the PDG [22℄, on the ontrary our
masses of f0(600) and κ(800) are respetively 5 and 4 experimental standard deviations from the values reported
in Table X. However, we must remember that the values of the masses f0(600) and κ(800) found by the dierent
experiments are sattered in a range of a few hundreds of MeV around 500 MeV and 800 MeV respetively and
the PDG does not report an average mass yet. Thus, new high statistis experiments for the f0(600) and κ(800) are
mandatory before reahing any onlusion.
14
V. DIQUARK-ANTIDIQUARK MODEL
A diquark is a strongly orrelated pair of quarks. Sine a pair of quarks annot be a olor singlet, the diquark an
only be found onned into the hadrons and used as an eetive degree of freedom.
Reently many artiles have been published regarding the open problem of diquark orrelations both in baryons
and tetraquarks. Dierent phenomenologial indiations for diquarks orrelations have been olleted over the years
as pointed out in Ref. [20℄ by Jae and in Ref. [43℄ by Selem and Wilzek and referenes therein, moreover the
ourene of rotational Regge trajetories for baryons with the same slope than the mesoni ones an be explained
using a string model [35℄ of the baryon, where at one end of the string there is a quark in [3]c olor representation and
at the other end a diquark in [3¯]c. Reently some papers, relating the physis of the instantons [44, 45, 46, 47℄, and
some alulations in Lattie QCD [48, 49, 50℄ that support the existene of nite size diquarks as olour antitriplet
bound states of two quarks have been published. The diquarks have also been studied in a Coulomb gauge QCD
approah [51℄, that proved their onnement and their well-dened size. One onern is that if diquark orrelations
are important for exoti states they would already be apparent in the ground state, positive parity nuleon. There is
no lear evidene for diquarks in the nuleon, as stated in Refs. [52, 53℄, and surely ompletely not for pointlike ones.
From what we have written so far, it is lear that the existene of diquark orrelations inside hadrons (and in
partiular ground state hadrons) is still an open problem. In the meantime, we believe it is not meaningless to
study an eetive diquark-antidiquark model for tetraquarks. Even if it will be nally found that quarks do not bind
together, diquarks as eetive degrees of freedom ould be useful in hadron spetrosopy in order to orrelate many
data in terms of a phenomenologial model.
A. Classiation of the tetraquark states in the diquark-antidiquark model.
We think of the diquark as two orrelated quark with no internal spatial exitations, or at least we hypothesize that
their internal spatial exitations will be higher in energy than the sale of masses of the resonanes we will onsider.
We desribe tetraquark mesons as being omposed of a onstituent diquark, (qq), and a onstituent antidiquark, (q¯q¯).
The diquark SU(3)c olor representations are [3¯]c and [6]c, while the antidiquark ones are [3]c and [6¯]c, using the
standard onvention of denoting olor and avor by the dimensions of their representation. As the tetraquark must
be a olor singlet, the possible diquark-antidiquark olor ombinations are
diquark in [3¯]c, antidiquark in [3]c (27a)
diquark in [6]c, antidiquark in [6¯]c (27b)
Diquarks (and antidiquarks) are made up of two idential fermions and so they have to satisfy the Pauli priniple. Sine
we onsider diquarks with no internal spatial exitations, their olor-spin-avor wave funtions must be antisymmetri.
This limits the possible representations to being only
olor in [3¯] (AS), spin-avor in[21]sf (S) (28a)
olor in [6] (S), spin-avor in [15]sf (AS) (28b)
This is beause we think of the diquark (antidiquark) as two orrelated quarks (antiquarks) in an antisymmetri non-
exited state. The deomposition of these SUsf (6) representations in terms of SU(3)f⊗ SU(2)s is (in the notation
[avor repr., spin])
[21]sf = [3¯, 0]⊕ [6, 1] (29a)
[15]sf = [3¯, 1]⊕ [6, 0] (29b)
Using the notation |avor repr., olor repr., spin〉, the diquark states orresponding to olor [3¯]c and [6]c respetively,
are
|[3¯]f , [3¯]c, 0〉, |[6]f , [3¯]c, 1〉 (30)
|[3¯]f , [6]c, 1〉, |[6]f , [6]c, 0〉 (31)
The antidiquark states are obtained as the onjugate.
In this paper we will onsider only diquarks and antidiquarks in [3¯]c and [3]c olor representations sine like Jae
[20, 54℄ or Lihtenberg et al. [55℄, for example, we expet that olor-sextet diquarks will be higher in energy than
olor-triplet diquarks or even that they will not be bound at all.
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We have ombined the allowed diquark and antidiquark states to derive the tetraquark olor-spin avor states; the
situation is summarized in Table XI. Sine diquarks are onsidered with no internal spatial exitations, though this is
an hypothesis in diquark-antidiquark models, their tetraquark states are a subset of the tetraquark states previously
derived. In partiular they orresponds to the subset with L13 = L24 = 0, where L13 and L24 are the relative orbital
angular momenta of the two quarks and the two antiquarks respetively, and olor [3¯]c ⊗ [3]c. The relative orbital
angular momentum among the diquark and the antidiquark is denoted by L12−34; Sdq and Sdq¯ are respetively the
spin of the diquark and the spin of the antidiquark, and Stot is the total spin; J is the total angular momentum.
Table XI: Diquark-antidiquark olor, spin and avor states. Sdq (Sdq¯) is the spin of the diquark (antidiquark) and Stot the
total spin.
olor (qq)⊗ (q¯q¯) Sdq Sdq¯ avor (qq)⊗ (q¯q¯) Stot total avor
[3¯]c ⊗ [3]c 0 0 [3¯]f ⊗ [3]f 0 [1]⊕ [8]
[3¯]c ⊗ [3]c 0 1 [3¯]f ⊗ [6¯]f 1 [8]⊕ [10]
[3¯]c ⊗ [3]c 1 0 [6]f ⊗ [3]f 1 [8]⊕ [10]
[3¯]c ⊗ [3]c 1 1 [6]f ⊗ [6¯]f 0,1,2 [1] ⊕ [8] ⊕ [27]
Table XII shows the orresponding avor tetraquark states for eah diquark and antidiquark ontent in the ideal
mixing hypothesis. Flavor exoti states (with I > 1 and/or |Y | > 1) are reported in bold. The notation used for
diquarks should be explained. Salar diquarks are represented by their onstituent quarks (denoted by s if strange, n
otherwise) in square brakets, while vetor diquarks are in urly brakets, sine the expliit expression of diquarks is
the ommutator of the onstituent quarks for the salar ones and the antiommutator for the vetor ones.
We an determine the JPC quantum numbers of the tetraquarks in the diquark-antidiquark limit starting from
the possible quantum numbers lassied for the unorrelated tetraquark states and applying the restritions for the
diquark-antidiquark limit, L13 = L24 = 0 and olor [3¯]c ⊗ [3]c. With these restritions the parity of a tetraquark in
the diquark-antidiquark limit is P = (−1)L12−34 , while the harge onjugation (obviously only for its eigenstates) is
C = (−1)L12−34+Stot . Consequently the G parity is G = CeiπI2 = (−1)L12−34+Stot+I , with the exeptions, already
disussed in setion IIG, of states belonging to [8] ⊕ [10] and [8] ⊕ [10] avor multiplets. In Tables XIII, XIV and
XV we write the possible JPC ombinations and diquark ontent of diquark-antidiquark systems with L12−34 = 0,
L12−34 = 1 and L12−34 = 2 respetively. Exoti JPC ombinations are in bold.
Table XII: Flavor diquark-antidiquark states in the ideal mixing hypothesis (i.e. states with dened
number of strange quarks plus antiquarks). In this table, for eah dierent type of diquark and antidiquark,
as reported in the rst olumn with the notation |avor repr., olor repr., spin〉, one an read, starting from
the third olumn, all the avor states in the ideal mixing hypothesis (ordered aording to their dierent
number ns of strange quarks plus antiquarks). For these states we use the notation |I, I3, Y 〉 and under
eah its expliit diquark ontent (in terms of the avor of the onstituent quarks) is also reported. See also
Appendix A 2 for an expliit expression of these states. Flavor exoti states are reported in bold
.
Diquark and total avor diquark-antidiquark states with dened ns(ns = 0, 1, 2, 3, 4)
antidiquark type avor 0 1 2 3 4
|[3¯]f , [3¯]c, 0〉|[3]f , [3]c, 0〉 [1]⊕ [8] |0, 0, 0〉
[n, n][n, n]
| 1
2
, I3,−1〉
[n, s][n, n]
|0, 0, 0〉
[n, s][n, s]
| 1
2
, I3,+1〉;
[n, n][n, s]
|1, I3, 0〉;
[n, s][n, s]
|[3¯]f , [3¯]c, 0〉|[6¯]f , [3]c, 1〉 [8]⊕ [10] |1, I3, 0〉
[n, n]{n, n}
| 1
2
, I3,−1〉;
[n, s]{n, n}
|0, 0, 0〉;
[n, s]{n, s}
| 1
2
, I3,+1〉
[n, s]{s, s}
| 1
2
, I3,+1〉;
[n, n]{n, s}
|1, I3, 0〉;
[n, s]{n, s}
| 3
2
, I3,−1〉
[n, s]{n, n}
|0, 0,+2〉
[n,n]{s, s}
|[6]f , [3¯]c, 1〉|[3]f , [3]c, 0〉 [8]⊕ [10] |1, I3, 0〉
{n, n}[n, n]
| 1
2
, I3,−1〉;
{n, s}[n, n]
|0, 0, 0〉;
{n, s}[n, s]
| 1
2
, I3,−1〉
{s, s}[n, s]
| 1
2
, I3,+1〉;
{n, n}[n, s]
|1, I3, 0〉;
{n, s}[n, s]
(ontinue)
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Table XII: (ontinued)
Diquark and total avor diquark-antidiquark states with dened ns(ns = 0, 1, 2, 3, 4)
antidiquark type avor 0 1 2 3 4
| 3
2
, I3,+1〉
{n, n}[n, s]
|0, 0,−2〉
{s, s}[n, n]
|[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉 [1] ⊕ [8] ⊕ [27] |1, I3, 0〉;
{n, n}{n, n}
| 1
2
, I3,−1〉;
{n, s}{n, n}
|0, 0, 0〉;
{n, s}{n, s}
| 1
2
, I3,−1〉;
{s, s}{n, s}
|0, 0, 0〉
{s, s}{s, s}
|0, 0, 0〉;
{n, n}{n, n}
| 1
2
, I3,+1〉;
{n, n}{n, s}
|1, I3, 0〉;
{n, s}{n, s}
| 1
2
, I3,+1〉
{n, s}{s, s}
|2, I3,0〉
{n, n}{n, n}
| 3
2
, I3,+1〉
{n, n}{n, s}
|1, I3,+2〉
{n, n}{s, s}
| 3
2
, I3,−1〉
{n, s}{n, n}
|1, I3,−2〉
{s, s}{n, n}
(end of table)
Table XIII: Spetrosopi lassiation and diquark ontent of tetraquarks states with L12−34 = 0 in the diquark-antidiquark
limit.
2S+1LJ (J
PC) Diquark and antidiquark type
1S0(0
++) |[3¯]f , [3¯]c, 0〉|[3]f , [3]c, 0〉;
|[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
3S1(1
+) |[3¯]f , [3¯]c, 0〉|[6¯]f , [3]c, 1〉;
|[6]f , [3¯]c, 1〉|[3]f , [3]c, 0〉
3S1(1
+−) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
5S2(2
++) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
Table XIV: As in Table XIII but for L12−34 = 1
2S+1LJ (J
PC) Diquark and antidiquark type
1P1(1
−−) |[3¯]f , [3¯]c, 0〉|[3]f , [3]c, 0〉;
|[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
3P2(2
−) |[3¯]f , [3¯]c, 0〉|[6¯]f , [3]c, 1〉;
|[6]f , [3¯]c, 1〉|[3]f , [3]c, 0〉
3P2(2
−+) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
3P1(1
−) |[3¯]f , [3¯]c, 0〉|[6¯]f , [3]c, 1〉 ;
|[6]f , [3¯]c, 1〉|[3]f , [3]c, 0〉
3P1(1
−+) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
3P0(0
−) |[3¯]f , [3¯]c, 0〉|[6¯]f , [3]c, 1〉;
|[6]f , [3¯]c, 1〉|[3]f , [3]c, 0〉
3P0(0
−+) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
5P3(3
−−) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
5P2(2
−−) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
5P1(1
−−) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
How to read Tables XII, XIII, XIV, XV an be explained by examples. In Table XII we an read the diquark ontent
of the states belonging to a given avor multiplet. For example, as we an read from the rst line of Table XII, the nine
states belonging to the avor nonet are made up of two salar diquarks. In partiular the state |0, 0, 0〉 ontains the
[n, n] diquark and the [n, n] antidiquark. Tables XIII, XIV, XV show for a given JPC whih diquark-antidiquark type
ontent is possible and also whih JPC quantum numbers an be assigned to a given diquark-antidiquark state. For
example, as indiated in the rst line of Table XIII, the only possible tetraquarks with
1S0(0
++) quantum numbers
are those ontaining two salar diquarks or two vetor diquarks (whih orrespond respetively to the avor nonet
and the avor 36-plet, as we an see in Table XII).
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Table XV: As in Table XIII but for L12−34 = 2
2S+1LJ (J
PC) Diquark and antidiquark type
1D2(2
++) |[3¯]f , [3¯]c, 0〉|[3]f , [3]c, 0〉;
|[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
3D3(3
+) |[3¯]f , [3¯]c, 0〉|[6¯]f , [3]c, 1〉;
|[6]f , [3¯]c, 1〉|[3]f , [3]c, 0〉
3D3(3
+−) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
3D2(2
+) |[3¯]f , [3¯]c, 0〉|[6¯]f , [3]c, 1〉;
|[6]f , [3¯]c, 1〉|[3]f , [3]c, 0〉
3D2(2
+−) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
3D1(1
+) |[3¯]f , [3¯]c, 0〉|[6¯]f , [3]c, 1〉;
|[6]f , [3¯]c, 1〉|[3]f , [3]c, 0〉
3D1(1
+−) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
5D4(4
++) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
5D3(3
++) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
5D2(2
++) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
5D1(1
++) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
5D0(0
++) |[6]f , [3¯]c, 1〉|[6¯]f , [3]c, 1〉
Table XVI: Quantum numbers of the andidate tetraquark nonet. κ(800) orresponds to [n, n][n, s] and also to its onjugate.
Meson Mass (GeV ) Diquark ontent IG(JPC) Soure
a0(980) 0.9847 ± 0.0012 [n, s][n, s] 1
−(0++) PDG [22℄
f0(980) 0.980 ± 0.010 [n, s][n, s] 0
+(0++) PDG [22℄
f0(600) 0.478 ± 0.024 [n, n][n, n] 0
+(0++) KLOE [1℄
κ(800) 0.797 ± 0.019 [n, n][n, s] 1
2
(0+) E791 [38℄
B. The tetraquark nonet spetrum in the diquark-antidiquark model.
We desribe diquark-antidiquark tetraquark ongurations by using U(4)⊗SU(3)f ⊗SU(2)s⊗SU(3)c as spetrum
generating algebra, by analogy with what was done by Iahello et al. [23, 26℄ for the normal mesons. In a string model
[35, 36℄ the slopes of these trajetories depend only on the olor representation of the onstituent partiles. Thus the
slope of Regge trajetories of tetraquarks made up of a diquark in [3¯]c and an antidiquark in [3]c is the same as the
slope of Regge trajetories of qq¯ mesons.
For the tetraquark in the diquark-antidiquark model, we an use the mass formula developed by Iahello et al.
[23, 26℄ for the normal mesons, but replaing the masses of the quark and the antiquark with those of the diquark
and the antidiquark:
M2 = (Mqq +Mq¯q¯)
2 + a · n+ b · L12−34 + c · Stot + d · J, (32)
where Mqq and Mq¯q¯ are the diquark and antidiquark masses, n is a vibrational quantum number, L12−34 the relative
orbital angular momentum, Stot the total spin and J the total angular momentum.
We need, then, to determine the diquark masses. This an be done by tting the mass formula (32) with the
mass values of the tetraquark andidate nonet[63℄ a0(980), f0(980), f0(600) and κ(800). Following Jae's arguments
[6, 20, 54℄, the andidate tetraquark nonet is the fundamental tetraquark multiplet and it ontains the lighter diquarks,
i.e. salar diquarks.
The masses of the salar diquarks resulting from the t are:
M[n,n] = 0.275 GeV, M[n,s] = 0.492 GeV (33)
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The masses of the andidate tetraquark nonet obtained from the t[64℄ are:
Ma0(980) = Mf0(980) = 0.984 GeV (34a)
Mf0(600) = 0.550 GeV (34b)
Mκ(800) = 0.767 GeV. (34)
The masses of a0(980) and f0(980) agree with the experimental values reported by the PDG [22℄, κ(800) and f0(600)
are respetively within 2 and 3 experimental standard deviations from the values reported in Table XVI.
The value of f0(600) is similar to the value reently found by Mathur, Nilmani and others [56℄ in a tetraquark
model with Lattie QCD.
VI. SUMMARY, CONCLUSIONS AND OUTLOOK
In this work, we have onstruted a omplete lassiation sheme of the tetraquark states in terms of SU(6)sf spin-
avor multiplets, and their avor and spin ontent in terms of SU(3)f and SU(2)s states. Moreover, we have disussed
the permutation symmetry properties of both the spin-avor and orbital parts of the qq and q¯q¯ subsystems. In order
to obtain the total wave funtion, the spin-avor part has been ombined with the olor and orbital ontributions in
suh a way that the total tetraquark wave funtion is a olor singlet and is antisymmetri under the interhange of
the two quarks and the two antiquarks. This lassiation sheme is general and omplete, and may be helpful for
experimental, CQM and lattie QCD studies. In partiular, the onstruted basis for tetraquark states will enable
the eigenvalue problem to be solved for a denite dynamial model.
As an appliation, we have alulated the mass spetrum of the andidate tetraquark nonet, adapting to the
tetraquark ase the Iahello, Mukhopadhyay and Zhang [23, 26℄ mass formula, developed originally for the qq¯ mesons.
We have onsidered only the part of this formula that gives the splitting inside a given multiplet.
The predited tetraquark states in the low energy range are muh more numerous than the experimental andidate
tetraquarks. So, if the tetraquark model is orret, we must solve the problem of the missing tetraquark resonanes.
The introdution of the diquark-antidiquark model, in setion V, helps us to drastially redue the number of
predited tetraquark states. In fat the allowed states in this model are only a small subset of the states in the
unorrelated model. Nevertheless this ut is not suient and the remaining tetraquark resonanes are still too
numerous. Thus, we need another explanation for the missing resonanes.
If it is heavy enough, a qqq¯q¯ meson will be unstable against deay into two qq¯ mesons. The qqq¯q¯ state simply
falls apart, or dissoiates [6, 7℄. Thus, we an dedue that if a given qqq¯q¯ state is above threshold for deay into a
dissoiation hannel, it is very broad into that hannel and the higher the energy of the resonane is the broader
the phase spae is.
The great width of most qqq¯q¯ mesons will aount for their experimental elusiveness, thus making it diult to
establish their resonant harater at all. The f0(600) provides a lear example of this. Many higher-mass qqq¯q¯ states
not only may be as broad and onfusing as the f0(600), but also will probably our in hannels with substantial
inelasti bakground obsuring their resonant behaviour.
As an alternative to the tetraquark hypothesis, the possibility was onsidered that a0(980) and f0(980) may be
K− K¯ bound states, kept together by hadron exhange fores, the same that bind nuleons in the nulei, olor singlet
remnants of the onning olor fores (hene the name K − K¯ moleules [57℄ used in this onnetion). If they are
indeed K − K¯ moleules, salar mesons do not need to make a omplete SU(3)f multiplet so that this idea would be
onsistent with the lak of evidene of f0(600) and κ(800). However, if the existene of these partile were onrmed,
it would be very hard to onsider either of them as a π− π or π−K moleule, sine the latter partiles would in any
ase lie onsiderably higher than the respetive thresholds. We see that the existene or absene of these light salars
is ruial in assessing the nature of a0(980) and f0(980). From this point of view, the reent observations of f0(600)
and κ(800) in D non-leptoni deays at Fermilab[38℄ and in the ππ spetrum in φ→ π0π0γ at Frasati [38, 58℄ have
onsiderably reinfored the hypothesis of a full tetraquark nonet with inverted spetrum. The experimental situation
and the latest results onerning f0(600) and κ(800) are summarized in Refs. [3, 59, 60℄ and referenes therein. New
high-statistis experiments dediated to these resonanes are important in order to onrm or refute their existene.
Appendix A: THE qqq¯q¯ FLAVOR STATES
In this appendix we write the qqq¯q¯ avor states expliitly in terms of the states of the single quarks and antiquarks
(the olor states may be easily obtained from the avor ones by using the replaements u↔ r, d↔ g and s↔ b). These
states are alulated by using the SU(3) Clebsh-Gordan oeients [61, 62℄ in the De Swart [62℄ phase onvention.
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A generi avor state is expressed by |[R]I, I3, Y >, where [R] indiates the SU(3)f representation, I the isospin
quantum number, I3 its third omponent and Y the hyperharge. The single quark states are written in short as u,
d and s, where
u = |[3]1
2
,−1
2
,+
1
3
>
d = |[3]1
2
,+
1
2
,+
1
3
>
s = |[3]0, 0,−2
3
> .
In this appendix the tetraquark states are written in the (qq)(q¯q¯) onguration; thus, in addition to the represen-
tation [R] to whih the state belongs, we also show the representations [R′] and [R′′] respetively of the two quarks
and the two antiquarks. In short, a tetraquark state will be written as |[R]I, I3, Y >R′ R′′ . The states in the qq¯qq¯
onguration are a linear ombination of those in the (qq)(q¯q¯) onguration.
1. The tetraquark avor states in the (qq)(q¯q¯) onguration
|[1]0, 0, 0 >3¯ 3= 12√3 (sus¯u¯− suu¯s¯− uss¯u¯+ usu¯s¯− dsd¯s¯+ (A1)
+dss¯d¯+ sdd¯s¯− sds¯d¯+ udu¯d¯− udd¯u¯− duu¯d¯+ dud¯u¯)
|[1]0, 0, 0 >6 6¯= 12√6 (2uuu¯u¯− udu¯d¯− udd¯u¯− duu¯d¯− dud¯u¯+ (A2)
+2ddd¯d¯− usu¯s¯− uss¯u¯− suu¯s¯− sus¯u¯+ dsd¯s¯+ dss¯d¯+ sdd¯s¯+ sds¯d¯+ 2sss¯s¯)
|[8]1,+1, 0 >3¯ 3=
1
2
(−sud¯s¯+ sus¯d¯+ usd¯s¯− uss¯d¯) (A3)
|[8]1, 0, 0 >3¯ 3= 12√2 (−sdd¯s¯− suu¯s¯+ sds¯d¯+ (A4)
+sus¯u¯+ dsd¯s¯+ usu¯s¯− dss¯d¯− uss¯u¯)
|[8]1,−1, 0 >3¯ 3=
1
2
(−dss¯u¯+ dsu¯s¯+ sds¯u¯− sdu¯s¯) (A5)
|[8]1
2
,+
1
2
,+1 >3¯ 3=
1
2
(−udd¯s¯+ uds¯d¯+ dud¯s¯− dus¯d¯) (A6)
|[8]1
2
,−1
2
,+1 >3¯ 3=
1
2
(−udu¯s¯+ uds¯u¯+ duu¯s¯− dus¯u¯) (A7)
|[8]1
2
,+
1
2
,−1 >3¯ 3=
1
2
(suu¯d¯− sud¯u¯− usu¯d¯+ usd¯u¯) (A8)
|[8]1
2
,−1
2
,−1 >3¯ 3=
1
2
(−dsu¯d¯+ dsd¯u¯+ sdu¯d¯− sdd¯u¯) (A9)
|[8]0, 0, 0 >3¯ 3= 12√6 (−sus¯u¯+ suu¯s¯+ uss¯u¯− usu¯s¯+ dsd¯s¯+ (A10)
−dss¯d¯− sdd¯s¯+ sds¯d¯+ 2udu¯d¯− 2udd¯u¯− 2duu¯d¯+ 2dud¯u¯)
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|[8]1,+1, 0 >6 3= 12√3 (−2uuu¯d¯+ 2uud¯u¯− usd¯s¯+ (A11)
+uss¯d¯− sud¯s¯+ sus¯d¯)
|[8]1, 0, 0 >6 3= 12√6 (−2duu¯d¯− 2udu¯d¯+ 2dud¯u¯+ 2udd¯u¯+ (A12)
+dss¯d¯+ uss¯u¯− dsd¯s¯− usu¯s¯− sdd¯s¯− suu¯s¯+ sds¯d¯+ sus¯u¯)
|[8]1,−1, 0 >6 3= 12√3 (2ddd¯u¯− 2ddu¯d¯− dsu¯s¯+ (A13)
+dss¯u¯− sdu¯s¯+ sds¯u¯)
|[8] 12 ,+ 12 ,+1 >6 3= 12√3 (2uus¯u¯− 2uuu¯s¯+ udd¯s¯− uds¯d¯+ (A14)
+dud¯s¯− dus¯d¯)
|[8] 12 ,− 12 ,+1 >6 3= 12√3 (2ddd¯s¯− 2dds¯d¯+ dus¯u¯+ uds¯u¯+ (A15)
−duu¯s¯− udu¯s¯)
|[8] 12 ,+ 12 ,−1 >6 3= 12√3 (2sss¯d¯− 2ssd¯s¯+ sud¯u¯− suu¯d¯+ (A16)
+usd¯u¯− usu¯d¯)
|[8] 12 ,− 12 ,−1 >6 3= 12√3 (2sss¯u¯− 2ssu¯s¯+ sdd¯u¯− sdu¯d¯+ (A17)
+dsd¯u¯− dsu¯d¯)
|[8]0, 0, 0 >6 3= 12√2 (sus¯u¯− suu¯s¯+ uss¯u¯− usu¯s¯+ dsd¯s¯+ (A18)
−dss¯d¯+ sdd¯s¯− sds¯d¯)
|[8]1,+1, 0 >3¯ 6¯= 12√3 (2udd¯d¯− 2dud¯d¯+ usd¯s¯+ (A19)
+uss¯d¯− sud¯s¯− sus¯d¯)
|[8]1, 0, 0 >3¯ 6¯= 12√6 (−2duu¯d¯+ 2udu¯d¯− 2dud¯u¯+ 2udd¯u¯+ (A20)
+dss¯d¯+ uss¯u¯+ dsd¯s¯+ usu¯s¯− sdd¯s¯− suu¯s¯− sds¯d¯− sus¯u¯)
|[8]1,−1, 0 >3¯ 6¯= 12√3 (2udu¯u¯− 2duu¯u¯+ dsu¯s¯+ (A21)
+dss¯u¯− sdu¯s¯− sds¯u¯)
|[8] 12 ,+ 12 ,+1 >3¯ 6¯= 12√3 (2uss¯s¯− 2sus¯s¯+ udd¯s¯+ uds¯d¯+ (A22)
−dud¯s¯− dus¯d¯)
|[8] 12 ,− 12 ,+1 >3¯ 6¯= 12√3 (2dss¯s¯− 2sds¯s¯+ udu¯s¯− duu¯s¯+ (A23)
+uds¯u¯− dus¯u¯)
|[8] 12 ,+ 12 ,−1 >3¯ 6¯= 12√3 (2sdd¯d¯− 2dsd¯d¯− suu¯d¯+ usu¯d¯+ (A24)
−sud¯u¯− usd¯u¯)
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|[8] 12 ,− 12 ,−1 >3¯ 6¯= 12√3 (2usu¯u¯− 2suu¯u¯+ sdu¯d¯+ sdd¯u¯+ (A25)
−dsu¯d¯− dsd¯u¯)
|[8]0, 0, 0 >3¯ 6¯= 12√2 (−sus¯u¯− suu¯s¯+ uss¯u¯+ usu¯s¯− dsd¯s¯+ (A26)
−dss¯d¯+ sdd¯s¯+ sds¯d¯)
|[8]1,+1, 0 >6 6¯= 12√5 (2uuu¯d¯+ 2uud¯u¯− 2udd¯d¯− 2dud¯d¯+ (A27)
−usd¯s¯− uss¯d¯− sud¯s¯− sus¯d¯)
|[8]1, 0, 0 >6 6¯= 12√10 (4uuu¯u¯− 4ddd¯d¯− dsd¯s¯− usu¯s¯+ (A28)
−dss¯d¯− uss¯u¯− sdd¯s¯− suu¯s¯− sds¯d¯− sus¯u¯)
|[8]1,−1, 0 >6 6¯= 12√5 (2duu¯u¯+ 2udu¯u¯− 2ddu¯d¯− 2ddd¯u¯+ (A29)
−dsu¯s¯− dss¯u¯− sdu¯s¯− sds¯u¯)
|[8] 12 ,+ 12 ,+1 >6 6¯= 12√5 (2uuu¯s¯+ 2uus¯u¯− 2uss¯s¯− 2sus¯s¯+ (A30)
−udd¯s¯− uds¯d¯− dud¯s¯− dus¯d¯)
|[8] 12 ,− 12 ,+1 >6 6¯= 12√5 (−2dss¯s¯− 2sds¯s¯− 2dds¯d¯− 2ddd¯s¯+ (A31)
+udu¯s¯+ duu¯s¯+ uds¯u¯+ dus¯u¯)
|[8] 12 ,+ 12 ,−1 >6 6¯= 12√5 (−2sdd¯d¯− 2dsd¯d¯− 2ssd¯s¯− 2sss¯d¯+ (A32)
+suu¯d¯+ usu¯d¯+ sud¯u¯+ usd¯u¯)
|[8] 12 ,− 12 ,−1 >6 6¯= 12√5 (2usu¯u¯+ 2suu¯u¯− 2ssu¯s¯− 2sss¯u¯+ (A33)
−sdu¯d¯− sdd¯u¯− dsu¯d¯− dsd¯u¯)
|[8]0, 0, 0 >6 6¯= 12√30 (4uuu¯u¯+ 4ddd¯d¯− 8sss¯s¯+ sus¯u¯+ suu¯s¯+ uss¯u¯+ (A34)
+usu¯s¯− dsd¯s¯− dss¯d¯− sdd¯s¯− sds¯d¯− 2udu¯d¯− 2udd¯u¯− 2duu¯d¯− 2dud¯u¯)
|[10] 32 ,+ 32 ,+1 >6 3= 1√2 (uud¯s¯− uus¯d¯) (A35)
|[10] 32 ,+ 12 ,+1 >6 3= 1√6 (uuu¯s¯− uus¯u¯+ dud¯s¯− dus¯d¯+ (A36)
+udd¯s¯− uds¯d¯)
|[10] 32 ,− 12 ,+1 >6 3= 1√6 (ddd¯s¯− dds¯d¯+ duu¯s¯− dus¯u¯+ (A37)
+udu¯s¯− uds¯u¯)
|[10] 32 ,− 32 ,+1 >6 3= 1√2 (ddu¯s¯− dds¯u¯) (A38)
|[10]1,+1, 0 >6 3= 1√6 (uud¯u¯− uuu¯d¯+ usd¯s¯− uss¯d¯+ (A39)
+sud¯s¯− sus¯d¯)
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|[10]1, 0, 0 >6 3= 12√3 (−duu¯d¯− udu¯d¯+ dud¯u¯+ udd¯u¯+ (A40)
−dss¯d¯− uss¯u¯+ dsd¯s¯+ usu¯s¯+ sdd¯s¯+ suu¯s¯− sds¯d¯− sus¯u¯)
|[10]1,−1, 0 >6 3= 1√6 (ddd¯u¯− ddu¯d¯+ dsu¯s¯− dss¯u¯+ (A41)
+sdu¯s¯− sds¯u¯)
|[10] 12 ,+ 12 ,−1 >6 3= 1√6 (usd¯u¯− usu¯d¯+ ssd¯s¯− sss¯d¯+ (A42)
+sud¯u¯− suu¯d¯)
|[10] 12 ,− 12 ,−1 >6 3= 1√6 (dsd¯u¯− dsu¯d¯+ ssu¯s¯− sss¯u¯+ (A43)
+sdd¯u¯− sdu¯d¯)
|[10]0, 0,−2 >6 3= 1√2 (ssd¯u¯− ssu¯d¯) (A44)
|[10] 32 ,+ 32 ,−1 >3¯ 6¯= 1√2 (usd¯d¯− sud¯d¯) (A45)
|[10] 32 ,+ 12 ,−1 >3¯ 6¯= 1√6 (dsd¯d¯− sdd¯d¯+ usu¯d¯− suu¯d¯+ (A46)
+usd¯u¯− sud¯u¯)
|[10] 32 ,− 12 ,−1 >3¯ 6¯= 1√6 (dsu¯d¯− sdu¯d¯+ dsd¯u¯− sdd¯u¯+ (A47)
+usu¯u¯− suu¯u¯)
|[10] 32 ,− 32 ,−1 >3¯ 6¯= 1√2 (dsu¯u¯− sdu¯u¯) (A48)
|[10]1,+1, 0 >3¯ 6¯= 1√6 (dud¯d¯− udd¯d¯+ usd¯s¯+ uss¯d¯+ (A49)
−sud¯s¯− sus¯d¯)
|[10]1, 0, 0 >3¯ 6¯= 12√3 (duu¯d¯− udu¯d¯+ dud¯u¯− udd¯u¯+ (A50)
+dss¯d¯+ uss¯u¯+ dsd¯s¯+ usu¯s¯− sdd¯s¯− suu¯s¯− sds¯d¯− sus¯u¯)
|[10]1,−1, 0 >3¯ 6¯= 1√6 (duu¯u¯− udu¯u¯+ dsu¯s¯+ dss¯u¯+ (A51)
−sdu¯s¯− sds¯u¯)
|[10] 12 ,+ 12 ,+1 >3¯ 6¯= 1√6 (uss¯s¯− sus¯s¯+ dud¯s¯− udd¯s¯+ (A52)
+dus¯d¯− uds¯d¯)
|[10] 12 ,− 12 ,+1 >3¯ 6¯= 1√6 (dss¯s¯− sds¯s¯+ duu¯s¯− udu¯s¯+ (A53)
+dus¯u¯− uds¯u¯)
|[10]0, 0,+2 >3¯ 6¯= 1√2 (dus¯s¯− uds¯s¯) (A54)
|[27]2,+2, 0 >6 6¯= (uud¯d¯) (A55)
23
|[27]2,+1, 0 >6 6¯= 12 (dud¯d¯+ udd¯d¯+ uuu¯d¯+ uud¯u¯) (A56)
|[27]2, 0, 0 >6 6¯= 1√6 (uuu¯u¯+ udu¯d¯+ ddd¯d¯+ dud¯u¯+ (A57)
+duu¯d¯+ udd¯u¯)
|[27]2,−1, 0 >6 6¯= 12 (duu¯u¯+ udu¯u¯+ ddu¯d¯+ ddd¯u¯) (A58)
|[27]2,−2, 0 >6 6¯= (ddu¯u¯) (A59)
|[27] 32 ,+ 32 ,+1 >6 6¯= 1√2 (uud¯s¯+ uus¯d¯) (A60)
|[27] 32 ,+ 12 ,+1 >6 6¯= 1√6 (uuu¯s¯+ uus¯u¯+ dud¯s¯+ dus¯d¯+ (A61)
+udd¯s¯+ uds¯d¯)
|[27] 32 ,− 12 ,+1 >6 6¯= 1√6 (ddd¯s¯+ dds¯d¯+ duu¯s¯+ dus¯u¯+ (A62)
+udu¯s¯+ uds¯u¯)
|[27] 32 ,− 32 ,+1 >6 6¯= 1√2 (ddu¯s¯+ dds¯u¯) (A63)
|[27] 32 ,+ 32 ,−1 >6 6¯= 1√2 (usd¯d¯+ sud¯d¯) (A64)
|[27] 32 ,+ 12 ,−1 >6 6¯= 1√6 (dsd¯d¯+ sdd¯d¯+ usu¯d¯+ suu¯d¯+ (A65)
+usd¯u¯+ sud¯u¯)
|[27] 32 ,− 12 ,−1 >6 6¯= 1√6 (dsu¯d¯+ sdu¯d¯+ dsd¯u¯+ sdd¯u¯+ (A66)
+usu¯u¯+ suu¯u¯)
|[27] 32 ,− 32 ,−1 >6 6¯= 1√2 (dsu¯u¯+ sdu¯u¯) (A67)
|[27]1,+1,+2 >6 6¯= (uus¯s¯) (A68)
|[27]1, 0,+2 >6 6¯= 1√2 (dus¯s¯+ uds¯s¯) (A69)
|[27]1,−1,+2 >6 6¯= (dds¯s¯) (A70)
|[27]1,+1,−2 >6 6¯= (ssd¯d¯) (A71)
|[27]1, 0,−2 >6 6¯= 1√2 (ssu¯d¯+ ssd¯u¯) (A72)
|[27]1,−1,−2 >6 6¯= (ssu¯u¯) (A73)
|[27]1,+1, 0 >6 6¯= 12√5 (uuu¯d¯+ uud¯u¯− udd¯d¯− dud¯d¯+ (A74)
+2usd¯s¯+ 2uss¯d¯+ 2sud¯s¯+ 2sus¯d¯)
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|[27]1, 0, 0 >6 6¯= 1√10 (uuu¯u¯− ddd¯d¯+ dsd¯s¯+ usu¯s¯+ (A75)
+dss¯d¯+ uss¯u¯+ sdd¯s¯+ suu¯s¯+ sds¯d¯+ sus¯u¯)
|[27]1,−1, 0 >6 6¯= 12√5 (duu¯u¯+ udu¯u¯− ddu¯d¯− ddd¯u¯+ (A76)
+2dsu¯s¯+ 2dss¯u¯+ 2sdu¯s¯+ 2sds¯u¯)
|[27] 12 ,+ 12 ,+1 >6 6¯= 1√30 (2uuu¯s¯+ 2uus¯u¯+ 3uss¯s¯+ 3sus¯s¯+ (A77)
−udd¯s¯− uds¯d¯− dud¯s¯− dus¯d¯)
|[27] 12 ,− 12 ,+1 >6 6¯= 1√30 (−2dds¯d¯− 2ddd¯s¯+ 3dss¯s¯+ 3sds¯s¯+ (A78)
+udu¯s¯+ duu¯s¯+ uds¯u¯+ dus¯u¯)
|[27] 12 ,+ 12 ,−1 >6 6¯= 1√30 (−2sdd¯d¯− 2dsd¯d¯+ 3ssd¯s¯+ 3sss¯d¯+ (A79)
+suu¯d¯+ usu¯d¯+ sud¯u¯+ usd¯u¯)
|[27] 12 ,− 12 ,−1 >6 6¯= 1√30 (2usu¯u¯+ 2suu¯u¯+ 3ssu¯s¯+ 3sss¯u¯+ (A80)
−sdu¯d¯− sdd¯u¯− dsu¯d¯− dsd¯u¯)
|[27]0, 0, 0 >6 6¯= 12√30 (2uuu¯u¯+ 2ddd¯d¯+ 6sss¯s¯+ 3sus¯u¯+ 3suu¯s¯+ 3uss¯u¯+ (A81)
+3usu¯s¯− 3dsd¯s¯− 3dss¯d¯− 3sdd¯s¯− 3sds¯d¯− udu¯d¯− udd¯u¯− duu¯d¯− dud¯u¯)
2. The qqq¯q¯ states in the ideal mixing hypothesis
In the ideal mixing hypothesis, the avor states of the tetraquarks are a superposition of the states written in
setion (A 1) in suh a way to have dened strange quark and antiquark numbers. The notation used for the ideally
mixed states is |strange quark number, I, I3, Y >R′ R′′ . Clearly the only states that an be mixed are those with the
same quantum numbers (i.e. same isospin and same hyperharge). Only the mixed states are written below.
|nS = 2, 0, 0, 0 >3¯ 3= 1√3 (
√
2|[8]0, 0, 0 >3¯ 3 +|[1]0, 0, 0 >3¯ 3) =
= 1
2
√
2
(−sus¯u¯+ suu¯s¯+ uss¯u¯− usu¯s¯+ dsd¯s¯− dss¯d¯− sdd¯s¯+ sds¯d¯) (A82)
|nS = 0, 0, 0, 0 >3¯ 3= 1√3 (|[8]0, 0, 0 >3¯ 3 −
√
2|[1]0, 0, 0 >3¯ 3) =
= 12 (udu¯d¯− udd¯u¯− duu¯d¯+ dud¯u¯) (A83)
|nS = 2, 1,+1, 0 >3¯ 6¯= 1√3 (
√
2|[10]1,+1, 0 >3¯ 6¯ +|[8]1,+1, 0 >3¯ 6¯) =
= 12 (usd¯s¯+ uss¯d¯− sud¯s¯− sus¯d¯) (A84)
|nS = 2, 1, 0, 0 >3¯ 6¯=
1
2
√
2
(dsd¯s¯+ usu¯s¯+ dss¯d¯+ uss¯u¯− sdd¯s¯− suu¯s¯− sds¯d¯− sus¯u¯) (A85)
|nS = 2, 1,−1, 0 >3¯ 6¯=
1
2
(dsu¯s¯+ dss¯u¯− sdu¯s¯− sds¯u¯) (A86)
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|nS = 0, 1,+1, 0 >3¯ 6¯= 1√3 (|[10]1,+1, 0 >3¯ 6¯ −
√
2|[8]0, 0, 0 >3¯ 6¯) =
= 1√
2
(dud¯d¯− udd¯d¯) (A87)
|nS = 2, 1, 0, 0 >3¯ 6¯=
1
2
(duu¯d¯+ dud¯u¯− udu¯d¯− udd¯u¯) (A88)
|nS = 0, 1,−1, 0 >3¯ 6¯=
1√
2
(duu¯u¯− udu¯u¯) (A89)
|nS = 3, 12 ,+ 12 ,+1 >3¯ 6¯= 1√3 (|[10]
1
2 ,+
1
2 ,+1 >3¯ 6¯ +
√
2|[8] 12 ,+ 12 ,+1 >3¯ 6¯) =
= 1√
2
(uss¯s¯− sus¯s¯) (A90)
|nS = 3, 1
2
,−1
2
,+1 >3¯ 6¯=
1√
2
(dss¯s¯− sds¯s¯) (A91)
|nS = 1, 12 ,+ 12 ,+1 >3¯ 6¯= 1√3 (−
√
2|[10] 12 ,+ 12 ,+1 >3¯ 6¯ +|[8] 12 ,+ 12 ,+1 >3¯ 6¯) =
= 12 (udd¯s¯− dud¯s¯+ uds¯d¯− dus¯d¯) (A92)
|nS = 1, 1
2
,−1
2
,+1 >3¯ 6¯=
1
2
(udu¯s¯− duu¯s¯+ uds¯u¯− dus¯u¯) (A93)
|nS = 2, 1,+1, 0 >6 3= 1√3 (−
√
2|[10]1,+1, 0 >6 3 +|[8]1,+1, 0 >6 3) =
= 12 (uss¯d¯− usd¯s¯− sud¯s¯+ sus¯d¯) (A94)
|nS = 2, 1, 0, 0 >6 3= 1
2
√
2
(−dsd¯s¯− usu¯s¯+ dss¯d¯+ uss¯u¯− sdd¯s¯− suu¯s¯+ sds¯d¯+ sus¯u¯) (A95)
|nS = 2, 1,−1, 0 >6 3= 1
2
(−dsu¯s¯+ dss¯u¯− sdu¯s¯+ sds¯u¯) (A96)
|nS = 0, 1,+1, 0 >6 3= 1√3 (|[10]1,+1, 0 >6 3 +
√
2|[8]1,+1, 0 >6 3) =
= 1√
2
(uud¯u¯− uuu¯d¯) (A97)
|nS = 0, 1, 0, 0 >6 3= 1
2
(−duu¯d¯+ dud¯u¯− udu¯d¯+ udd¯u¯) (A98)
|nS = 0, 1,−1, 0 >6 3= 1√
2
(ddd¯u¯− ddu¯d¯) (A99)
|nS = 3, 12 ,+ 12 ,−1 >6 3= 1√3 (|[10] 12 ,+ 12 ,−1 >6 3 −
√
2|[8] 12 ,+ 12 ,−1 >6 3) =
= 1√
2
(ssd¯s¯− sss¯d¯) (A100)
|nS = 3, 1
2
,−1
2
,−1 >6 3= 1√
2
(ssu¯s¯− sss¯u¯) (A101)
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|nS = 1, 12 ,+ 12 ,−1 >6 3= 1√3 (
√
2|[10] 12 ,+ 12 ,−1 >6 3 +|[8] 12 ,+ 12 ,−1 >6 3) =
= 12 (sud¯u¯− suu¯d¯+ usd¯u¯− usu¯d¯) (A102)
|nS = 1, 1
2
,−1
2
,−1 >6 3= 1
2
(sdd¯u¯− sdu¯d¯+ dsd¯u¯− dsu¯d¯) (A103)
|nS = 2, 1,+1, 0 >6 6¯= 1√5 (2|[27]1,+1, 0 >6 6¯ −|[8]1,+1, 0 >6 6¯) =
= 12 (uss¯d¯+ usd¯s¯+ sud¯s¯+ sus¯d¯) (A104)
|nS = 2, 1, 0, 0 >6 6¯=
1
2
√
2
(dsd¯s¯+ usu¯s¯+ dss¯d¯+ uss¯u¯+ sdd¯s¯+ suu¯s¯+ sds¯d¯+ sus¯u¯) (A105)
|nS = 2, 1,−1, 0 >6 6¯=
1
2
(dsu¯s¯+ dss¯u¯+ sdu¯s¯+ sds¯u¯) (A106)
|nS = 0, 1,+1, 0 >6 6¯= 1√5 (−|[27]1,+1, 0 >6 6¯ −2|[8]1,+1, 0 >6 6¯) =
= 12 (udd¯d¯+ dud¯d¯− uuu¯d¯− uud¯u¯) (A107)
|nS = 0, 1, 0, 0 >6 6¯=
1√
2
(ddd¯d¯− uuu¯u¯) (A108)
|nS = 0, 1,−1, 0 >6 6¯=
1
2
(ddu¯d¯+ ddd¯u¯− duu¯u¯− udu¯u¯) (A109)
|nS = 3, 12 ,+ 12 ,−1 >6 6¯= 1√5 (
√
3|[27] 12 ,+ 12 ,−1 >6 6¯ −
√
2|[8] 12 ,+ 12 ,−1 >6 6¯) =
= 1√
2
(ssd¯s¯+ sss¯d¯) (A110)
|nS = 3, 1
2
,−1
2
,−1 >6 6¯=
1√
2
(ssu¯s¯+ sss¯u¯) (A111)
|nS = 1, 12 ,+ 12 ,−1 >6 6¯= 1√5 (
√
2|[27] 12 ,+ 12 ,−1 >6 6¯ +
√
3|[8] 12 ,+ 12 ,−1 >6 6¯) =
= 1
2
√
3
(sud¯u¯+ suu¯d¯+ usd¯u¯+ usu¯d¯− 2sdd¯d¯− 2dsd¯d¯) (A112)
|nS = 1, 1
2
,−1
2
,−1 >6 6¯=
1
2
√
3
(2usu¯u¯+ 2suu¯u¯− sdd¯u¯− sdu¯d¯− dsd¯u¯− dsu¯d¯) (A113)
|nS = 3, 12 ,+ 12 ,+1 >6 6¯= 1√5 (
√
3|[27] 12 ,+ 12 ,+1 >6 6¯ −
√
2|[8] 12 ,+ 12 ,+1 >6 6¯) =
= 1√
2
(uss¯s¯+ sus¯s¯) (A114)
|nS = 3, 1
2
,−1
2
,+1 >6 6¯=
1√
2
(dss¯s¯+ sds¯s¯) (A115)
|nS = 1, 12 ,+ 12 ,+1 >6 6¯= 1√5 (
√
2|[27] 12 ,+ 12 ,+1 >6 6¯ +
√
3|[8] 12 ,+ 12 ,+1 >6 6¯) =
= 1
2
√
3
(2uuu¯s¯+ 2uus¯u¯− udd¯s¯− dud¯s¯− uds¯d¯− dus¯d¯) (A116)
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|nS = 1, 1
2
,−1
2
,+1 >6 6¯=
1
2
√
3
(udu¯s¯+ duu¯s¯+ uds¯u¯+ dus¯u¯− 2ddd¯s¯− 2dds¯d¯) (A117)
|nS = 4, 0, 0, 0 >6 6¯=
√
3√
10
|[27]0, 0, 0 >6 6¯ − 2
√
2√
15
|[8]0, 0, 0 >6 6¯ + 1√6 |[1]0, 0, 0 >6 6¯=
= sss¯s¯ (A118)
|nS = 2, 0, 0, 0 >6 6¯= −
√
3√
5
|[27]0, 0, 0 >6 6¯ − 1√15 |[8]0, 0, 0 >6 6¯ + 1√3 |[1]0, 0, 0 >6 6¯=
= 1
2
√
2
(−usu¯s¯− uss¯u¯− suu¯s¯− sus¯u¯+ dsd¯s¯+ dss¯d¯+ sdd¯s¯+ sds¯d¯) (A119)
|nS = 0, 0, 0, 0 >6 6¯= − 1√10 |[27]0, 0, 0 >6 6¯ −
√
2√
5
|[8]0, 0, 0 >6 6¯ − 1√2 |[1]0, 0, 0 >6 6¯=
= 1
2
√
3
(udu¯d¯+ duu¯d¯+ udd¯u¯+ dud¯u¯− 2uuu¯u¯− 2ddd¯d¯) (A120)
Appendix B: THE TETRAQUARK SPIN STATES
In this appendix we write the spin states of the tetraquarks in terms of the spins of the single quarks and antiquarks.
These states are alulated by using the SU(2) Clebsh-Gordan oeients.
A generi spin state is expressed by |[R] S, Sz >, where [R] indiates the SU(2)S representation, S the spin
quantum number and Sz its third omponent. The single quark states are written in short as: ↑≡ |[2] 12 + 12 > and
↓≡ |[2] 12 − 12 >.
In this appendix the tetraquark states are written in the (qq)(q¯q¯) onguration; thus, in addition to the represen-
tation [R] to whih the state belongs, we also show the representations [R′] and [R′′] respetively of the two quarks
and the two antiquarks. In short a tetraquark state will be written as |[R] S, Sz >R′ R′′ .
1. Tetraquark spin states in the (qq)(q¯q¯) onguration
|[1] 0 0 >1 1= 1
2
(↑↓↑↓ + ↓↑↓↑ − ↑↓↓↑ − ↓↑↑↓) (B1)
|[1] 0 0 >3 3= 1
2
√
3
(2 ↑↑↓↓ +2 ↓↓↑↑ + ↑↓↑↓ + ↓↑↓↑ + ↑↓↓↑ + ↓↑↑↓) (B2)
|[3] 1 + 1 >3 1= 1√
2
(↑↑↑↓ − ↑↑↓↑) (B3)
|[3] 1 0 >3 1= 1
2
(↑↓↑↓ + ↓↑↑↓ − ↑↓↓↑ − ↓↑↓↑) (B4)
|[3] 1 − 1 >3 1= 1√
2
(↓↓↑↓ − ↓↓↓↑) (B5)
|[3] 1 + 1 >1 3= 1√
2
(↑↓↑↑ − ↓↑↑↑) (B6)
|[3] 1 0 >1 3= 1
2
(↑↓↑↓ + ↑↓↓↑ − ↓↑↑↓ − ↓↑↓↑) (B7)
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|[3] 1 − 1 >1 3= 1√
2
(↑↓↓↓ − ↓↑↓↓) (B8)
|[3] 1 + 1 >3 3= 1
2
(↑↑↑↓ + ↑↑↓↑ − ↑↓↑↑ − ↓↑↑↑) (B9)
|[3] 1 0 >3 3= 1√
2
(↑↑↓↓ − ↓↓↑↑) (B10)
|[3] 1 − 1 >3 3= 1
2
(− ↓↓↑↓ − ↓↓↓↑ + ↑↓↓↓ + ↓↑↓↓) (B11)
|[5] 2 + 2 >3 3=↑↑↑↑ (B12)
|[5] 2 + 1 >3 3= 1
2
(↑↑↑↓ + ↑↑↓↑ + ↑↓↑↑ + ↓↑↑↑) (B13)
|[5] 2 0 >3 3= 1√
6
(↑↑↓↓ + ↓↓↑↑ + ↑↓↑↓ + ↑↓↓↑ + ↓↑↑↓ + ↓↑↓↑) (B14)
|[5] 2 − 1 >3 3= 1
2
(↓↓↑↓ + ↓↓↓↑ + ↑↓↓↓ + ↓↑↓↓) (B15)
|[5] 2 − 2 >3 3=↓↓↓↓ (B16)
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